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We report the observation of light-induced electron spin resonance ~LESR! in amorphous
hydrogenated germanium. Two new lines with zero crossings near g52.01 and g52.03 were
detected and ascribed to electrons and holes in the conduction- and valence-band-tail states,
respectively. The ratio between the LESR spin densities of both lines is approximately one,
suggesting the absence of spin pairing, charge defect creation, or LESR of dangling bonds. The
growth and decay spectra exhibit dispersive behavior with a dispersion parameter ;0.5. The decay
spectrum is best fit assuming bimolecular recombination. The LESR spin density depends weakly
on the photogeneration rate as a sublinear power law. © 1999 American Institute of Physics.
@S0003-6951~99!03925-X#Paramagnetic centers in amorphous silicon and germa-
nium thin films were first identified by Brodsky and Title in
1969 by electron spin resonance ~ESR! measurements.1 The
strength of the ESR signal is proportional to the number of
paramagnetic centers, providing a powerful tool to probe the
microstructure of these materials. The dominant ESR centers
in hydrogenated amorphous silicon (a-Si:H) and hydroge-
nated amorphous germanium (a-Ge:H) are attributed, re-
spectively, to unpaired electrons at neutral silicon or germa-
nium dangling bonds in the bulk of the films. Two additional
paramagnetic centers have also been identified in
phosphorous- and boron-doped a-Si:H,2,3 and a-Ge:H,4 and
ascribed to localized electrons and holes in the conduction-
and valence-band tails, respectively. Similar lines have been
detected in a-Si:H by light-induced electron spin resonance
~LESR!.2,3 In spite of a number of attempts over the last 20
years,5,6 no similar LESR has been detected in a-Ge:H. In
this letter we present the observation of LESR in a-Ge:H,
and attribute the signals to holes and electrons trapped in the
valence- and conduction-band tails, respectively. The obser-
vation of LESR in a-Ge:H allows the recombination kinetics
and doping mechanisms in this amorphous semiconductor to
be compared with those observed in a-Si:H and therefore
allows potentially universal features to be identified.
The a-Ge:H films were deposited by radio frequency ~rf!
sputtering using the conditions described elsewhere.7 A film
deposited onto aluminum foil was removed from the sub-
strate by etching the aluminum with dilute HCl. The result-
ant powdered film was placed in an ESR quartz tube. A
Bruker-200D-SRC spectrometer operating at X band ~;9.52
GHz! was used. The measurements were taken by sweeping
the magnetic field while the sample was illuminated using a
Nd–yttrium–aluminum–garnet YAG laser (hn51.17 eV).
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gling bonds was ;231017 cm23 as measured by ESR. Films
deposited under similar conditions have ;15 at. % total hy-
drogen concentration as obtained from elastic recoil detec-
tion analysis ~ERDA! optical band gaps of E04;1.2 eV and
E tauc;1.1 eV, Urbach energy of ;60 meV from photother-
mal deflection spectroscopy, and activation energy for elec-
trical conductivity of ;0.5 eV. These values are among the
best data reported in the literature for a-Ge:H films.
The LESR derivative spectrum, as shown in Fig. 1~a!,
resembles those obtained for a-Si:H3 and is apparently also
composed of two components, one narrow and one broad. In
a-Si:H the narrow line, which peaks at a higher field, has
been attributed to electrons trapped in conduction-band-tail
states, while the broad line has been ascribed to holes in
valence-band-tail states. The LESR spectrum of Fig. 1~a!
was fit assuming two paramagnetic sites. Because of limited
information, the LESR powder-pattern line shapes were cal-
culated assuming the same anisotropy in the g tensor as that
which fits the dark ESR response due to Ge dangling bonds.
The width introduced by the anisotropy is consistent with
that expected by scaling the upper bounds for the anisotropy
in the dark ESR and LESR observed in a-Si:H by the ratios
of the spin-orbit coupling constants for Si and Ge ~lGe
50.138 eV and lSi50.019 eV!.8 This procedure amounts to
assuming that the dangling bond, the electron trapped in a
conduction-band-tail state, and the hole trapped in a valence-
band-tail state are electronically similar for a-Si:H and
a-Ge:H. The two new LESR lines observed in a-Ge:H after
light excitation are: ~1! a broad resonance with a peak-to-
peak width of ;60 G centered near g52.03 and ~2! a narrow
resonance with a width ;26 G centered at g52.01. The two
LESR lines saturate at different microwave power levels,
which is an indication that they are due to two different ESR
centers. In particular, the narrow line saturates at a higher
microwave power, which is different from the behavior ob-
served previously in a-Si:H.9
ESR experiments in phosphorous- and boron-doped
a-Ge:H exhibit two lines, g52.012 (width533 G) and g
52.0535 (width5112 G), which have been attributed to7 © 1999 American Institute of Physics
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for n-type and p-type films, respectively.4 The features of the
narrow and broad lines of the spectrum of Fig. 1 are similar,
although certainly not identical, to those obtained by ESR in
n-type and p-type a-Ge:H. In a-Si:H it has also been ob-
served that the LESR features of both electrons and holes
and the ESR of n-type and p-type films, respectively, are not
identical. In particular, the ESR line shapes in the doped
samples depend on the doping level. Because of these simi-
larities and the resemblance with the LESR of a-Si:H we
attribute the narrow and the broad lines observed in the
LESR of a-Ge:H to electrons and holes trapped in the
conduction- and valence-band tails, respectively.
From the results of the computer simulation we find that
the ratio between the density of paramagnetic spins due to
holes and electrons, Cp /Cn , is about 160.3. In a-Si:H this
ratio depends on a number of conditions and is typically in
the range 2–5.9,10 The origin of the deviation from a one-to-
one ratio between the lines attributed to holes and electrons
in a-Si:H has been a matter of some debate. This deviation
has been attributed to spin pairing, to a change in the ratio of
charged to neutral defect densities,10 or to certain artifacts of
the ESR measurement technique.9 In a-Ge:H it appears that
none of these mechanisms is important. Due to the high den-
sity of dangling bonds in the a-Ge:H ~;231017 cm23 in the
sample used in this study! compared to the density of the
optically excited electrons and holes (;231016 cm23), a
FIG. 1. ~a! LESR of a-Ge:H, obtained by subtracting the signal in the dark
from that under light excitation. ~b! Fit to the experimental spectrum using
two ESR centers.small positive ~or negative! LESR of the dangling bonds
would cause a dramatic change in the hole-to-electron ratio.
In a-Si:H the ratio between the LESR and dark ESR due to
silicon dangling bonds is usually much greater than unity.
Since Cp /Cn is near unity one can conclude that spin pairing
and changes in the densities of neutral or charged defects are
not important for the interpretation of the LESR in a-Ge:H.
These results may prove useful for understanding the origin
of the deviation in a-Si:H.
Information concerning the kinetics of the photogener-
ated carriers can be obtained through an analysis of the time
dependence of the LESR. In Fig. 2 we show generation and
decay curves of the LESR centered at 3400 G in a-Ge:H. At
this magnetic field the LESR is mainly attributed to electrons
in the conduction-band tail. As also occurs in a-Si:H, some
photogenerated carriers are still present about 30 min after
the light is turned off. The generation and decay of the broad
line ~measured at a fixed field of 3300 G, and attributed to
holes!, follow the same time dependencies as the generation
and decay of the narrow line. A ratio of ;1 was obtained
between both lines as a function of time. The solid curves in
Fig. 2 are fits assuming a dispersive model for deeply
trapped carriers. See Refs. 9 and 11 for the details of the
kinetic model, which was developed for a-Si:H. In this
model the recombination is assumed to be bimolecular. In
a-Ge:H a dispersive parameter b;0.5 was found for both
generation and decay. Similar results were obtained for
a-Si:H.9
Using neutral density filters we measured the LESR sig-
nal intensity, N, as a function of light intensity, I, at a fixed
field of 3400 G. As shown in Fig. 3 the signal increases
weakly with light intensity. For intermediate generation rates
N}Ig, where g;0.27. This behavior is also similar to that
reported for a-Si:H.3,9,11,12 Recently, a model due to Levin,
Marianer, and Shklevskii13 has predicted a weak power law
dependence, g;0.16, due to bimolecular recombination of
the photogenerated carriers in amorphous semiconductors.
FIG. 2. Generation and decay of the LESR signal at 3400 G. At this mag-
netic field the signal is attributed mainly to electrons trapped in conduction-
band tail. The data are averaged over four independent measurements, each
performed without previous exposure to light.
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geminate and distant-pairs recombination processes as a
function of time and light intensity. Our results for a-Ge:H
support this model in which nongeminate ~distant-pair! re-
combination dominates over all experimentally accessible
excitation intensities. For laser powers greater than about 0.1
W, the signal starts to saturate, probably due to heating of the
sample. At low laser powers one does not reach equilibrium
~saturation of the signal level as a function of time! of the
LESR on the time scale employed ~5–10 min! because of
very small generation rates.11
There are several reasons why LESR had not been ob-
served in a-Ge:H after more than two decades of investiga-
tion. The main reason is the fairly large number of germa-
nium dangling bonds, which normally lies in the
1018– 1020 cm23 range, and masks the observation of any
LESR. For instance, even for the relatively high quality
a-Ge:H studied here, with ;231017 cm23 dangling bonds,
the density of photo-excited carriers is about one order of
magnitude smaller, ;231016 cm23. Second, the line width
W is very large, due to the large spin-orbit coupling constant
of germanium. Since the intensity of the derivative signal
goes approximately as W22, the signal is strongly reduced.
FIG. 3. Intensity of the LESR as a function of the ND:YAG laser power.
The dotted line is a fit to the intermediate power range. At 1 W laser power,
the intensity at the sample is approximately 10 W/cm2.For example, the measured peak intensity of the electron
derivative line in a-Ge:H is roughly reduced to
(WGe /WSi)22;10% of that of a-Si:H, for the same number
of excited spins. Third, the LESR signal depends only
weakly on the light intensity, N}I0.27. In Fig. 3 the power
was varied by more than four orders of magnitude, while the
LESR intensity varied only by about one order of magnitude.
Thus, using high power is not of much help for measuring
LESR in a-Ge:H. Fourth, the absorption coefficient of
a-Ge:H at ;2.0 eV, where most previous experiments were
performed, is roughly one order of magnitude higher than the
absorption coefficient near the band gap ~E04;1.2 eV, E tauc
;1.1 eV!. The use of photon energies near the band gap
allows the excitation of carriers throughout the bulk of the
film. This condition was achieved using a Nd:YAG laser
~1.17 eV!.
In summary, two paramagnetic centers are found in
a-Ge:H after light excitation. These two centers are attrib-
uted to unpaired electrons and holes in the conduction- and
valence-band tails, respectively. The generation and decay
curves are characterized by dispersive behavior with a dis-
persive parameter, b, approximately 0.5. The decay is bimo-
lecular, and the LESR depends only weakly on light inten-
sity, N}I0.27. These results are very similar to those obtained
for a-Si:H.
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